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A 1.0 INTRODUCTION AND OBJECTIVES

The use of self-propigating reactions in forming high purity refractory

compounds has been explored by the' Soviets over a period of several years with

some success in forming cost effectivi abrasive powders. The formation of a

i densified shape of TiB 2 by applying only pressure during the exothermic self-

"propagating reaction was first demonstrated by Zavitsanos and Morris(l) where

"TiB. discs were formulated with a density of 96.7% theoretical.

The advantages of self-propagating processes can be many including

higher purity, strength, toughness and perhaps production cost. This program

was undertaken in an effort to investigate the fundamental aspects of the

self-propagating reaction between Ti and B powders leading to the highly
exothermic formation of TiB2 , i.e. Ti(c) t 2B(c) - TiB2 (c) + AH as well as

produce specimens of modest dimensions in order to obtain engineering physical

m properties leading to an eventual process scale-up utilizing commercially

available elemental powders.

The objective of the program was to identify the mechanism of the

13 reaction and identify the most promising conditions leading to highest purity,

densityand toughness; the suggested candidate factors controlling micro-

structure and density are the following:

1. Starting reactant powders: purity and size distribution.

2. Powder mixing: ratio, uniformity, seeding.

3. Reaction initiation: point source (hot wire at 900°C);
volume heating by furnace to 9001C.

. 4. Pressure: magnitude and method of application.

(1) "Synthesis of Titanium Diboride by a Self-Propagating Reaction", by
P.D. Zavitsanos and J.R. MOrris, Jr., Ceramic Eng. and Sci. Proc.,
July-August 1983,.pp., 624-633.



Most of the suggested variables were addressed in the course of the

Sprogram and high purity samples of Otanium diboride were'synthesized in the

form of wafers (1.75" dia. x 1.25" thick) using the high temperature self-

propagating reaction process. Extensive characterization of the samples

resulted in increased confidence in terms of proceeding with a cost

" * effective scale-up effort and eventual field tests. The scale-up effort

"will be based on the effective transfer of the process technology developed

on this program to large scale equipment such as high pressure/large volume

autoclave.

2



2.0 THERMOCHEMISTRY

3 2.1 Heat of Reaction Measurements by. Bomb Calorimetry

The heat of formation of TiB 2 ds reported in the JANAF Tables(2) is

in serious dispute with values ranging irom -50 + 5 kcal/mole to 73.6 + 4.5

kcal/mole. ihe significance,'of this problem in the self-propagation synthesis

technique is that the lower value of the hcat of formation would not be

sufficient to produce a liquid TiB2 product which may play a key role in the

densification' step. For this reason it was considered necessary to measure

the heat of formation by a "direct" method as compared to the JANAF values

. which were all "indirect."

An 'automatic adiabatic Bomb Calorimeter (Parr Instrument'Co. Model 1291)

* •.. was used to measure the heat of the reaction Ti + 2B -* TiB2 + Al. An attempt

was also made to measure 2Ti + B4C -, 2TiB2 + C but this was not possible

under the existing experimental conditions. However the AH of several Ti/2B,

2Ti/B 4 C mixtures was possible to be measured.

The Parr bomb calorimeter consists of a sealed stainless steel reaction

'vessel ("bomb") irr.ersed in a constant temperature water bath. The bomb is

equipped with two electrical feedthroughs, a valve to pressurize the bomb,

- and a vent valve. Reactants are held in a small steel cup suspended in the

bomb. A thin fusible wire above the cup is connected to the electrical feed

posts. A power supply attached to these posts serves to melt the fuse wire

onto the reactants and thus trigger the exothermic reaction. The resulting

temperature increase is used to calculate the AH for the reaction. A system

calibration provides the necessary conversion calories/degree temperature

(2) JANAF Thermochemical Data, Dow Chemical Company, Midland, Michigdn

p 3



rise. The calibration is determined from a standard materiel of known heat

output (Benzoic Acid).

The Ti/B reaction was studied under several conditions of applied

atmosphere (air and N2 ) using two sources of boron, elemental B and B4C.

Further details of experimental conditions and the resulting heat (AHf 29 8 )

are shown in Table I. The results suggest the reaction is so fast that

surface heterogeneous reaction(s) with oxygen and/or nitrogen play an

insignificant role in the observed heat release which is 1,0133 cal/g

(or 71.81 kcal/mole) for the Ti/2B mixture and considerably less when the

source of boron is B4 C instead of B.

Table II shows the results of this work in comparison with all the

JANAF values, and supports the view that an adequate amount of energy is

released to raise the (adiabatic) temperature of the product above the

melting point of TiB2 which is 3,0030K.

4



TABLE I

PARR BOMB HEAT OF REACTION DATA SUMMARY

0

SAMPLE COMPOSITION SAHPLE AHf 298  ATMOSPHERESki~~T. f29

TI + 2B 2TI + B4 C (g) (cal/g)

100% (WT) POWDER 5.49 1087 AIR + N2 *

100 PELLET 5.70 1037 N2 +

100 --- POWDER 4.38 994 N+

100 POWDERO 6.06 1004 N2

100 POWDERA 5.97 1044 N2
1033 AVG

70 30 POWDER 4.85 854 N

50 50 POWDER 5.93 744 7 N2'
1764 N

50 50 POWDERO 5.91 784 AVG N2+

100 DID NOT IGNITE N2+

* AMBIENT AIR IN BOMB PRESSURIZED TO 20 PSIG WITH N2

PARR BOMB PURGED WITH N2 THEN PRESSURIZED TO 20 PSIG

PREPARED FROM BALL MILLED POWDERS

5



TABLE II

THERMOCHEMISTRY

TI(s) + 2B(s) -+ TIB2 (s) m

AH, 2 9 8 (kcal/mole) SOURCE METHOD

-66.85 + 2.7 JANAF INDIRECT

-50 + 5

-73.6 + 4.5

-63.6 + 2.0 "

-67.5 + 3.5 U "

71.81 + 1.9 THIS WORK DIRECT BOMB
CALORIMETRY

6



3.0 SYNTHESIS PROCESS

3.1 Experiment Definition

The experimental matrix for the synthesis of dense TiB2 by the self-

propagating, high temperature reaction of pre-compacted elemental powder .4

mixes contained in a graphite die system is shown in Table III. The boron

powder size effect was examined using nominal powder sizes of 249 pm

(-60 mesh), 43 pm(-325 mesh), lO-l10 lim (reported as 320A in error), and

0.150,ijm (sub-micron). These boron powders were combined with two titanium

powder sizes, 43 pm (-325 mesh) and 1-5 lim as indicated in Table III.

Stoichiometric and off-stoichiometric powder mix compositions were

prepared and'made into dense compacts by two reaction press processes,

denoted as programs #1 and,#9 in Table III. In addition, stoichiometric

powder mixes using boron carbide (B4C) as the boron source, and added TiB2  J
in the powder mix as a seedant addition were processed. Two pressings,

using a jet-milled powder mix were prepared to assess pre-process powder

preparation effects.

3.2 Powder Evaluation..i

The examination of the powders used in the reaction pressing experi-

ments included mass spectrometry on individual powder samples of Ti and B,

and scanning electron microscope/energy dispersive x-ray microanalysis I
(SEM/EDX) on both individual powders and on unreacted powder mixes of j
T! + 2B.

f7
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3.2.1 Mass Spectrometry

Time of flight mass spectrometric measurements were made on volatile

products from two sources of boron (Callery and Atlantic Equipmenit Engineers

(AEE)) and two sources of titanium (AEE and Alfa Products). This was done

to detect any significant adsorbates or impurities between sources of the

two powder materials used to fabricate TiB 2 that might account for differences

in behavior'during formation. Both titanium samples showed hydrogen evolving

above about 1600 0 C, while the Alfa material showed somewhat more carbon and

oxygen species as well as a higher total volatile content is evident by the

total mass spectrometer signal.

Both boron specimens gave identical responses relative to mass number,

but the Callery specimen gave about 30% more. total counts due mainly to mass

numbers 44 and 45. A summary of data is given in Table IV. Inasmuch as the

prior history of the materials as well as the processes by which they were

made are not completely known, it is not possible to assign chemical compound

formulas to all mass numbers observed in the analyses. Yet some possibilities

are listed in Table IV mainly resulting from the presence of carbon, oxygen,

hydrogen and/or water vapor adsorbed on the powder surfaces.

3.2.2 SEM/EDX Evaluation

The suppliers and the powder descriptions are shown in Table V.

Figures 1 and 2 illustrate the individual powder morphology for AEE -325

mesh Ti and for AEE -325 mesh B. These powders, when combined in solids-

solids mixed stoichiometric and excess Ti formulas, obtained consistent density

and strength properties when reaction pressing processed. The jet-milled,

stoichiometric composition of these powders obtained the best flexure strength

properties for that powder combination.

9



'TABLE IV

SUMMARY OF MASS SPECTROMETRY RESULTS, TOTAL COUNTS TO 1800-C

TITANIUM POWDERS BORON POWDERS

POSSIBLE AEE ALFA POSSIBLE CALLERY AEE
MASS NO. SPECIES Ti Ti SPECIES B B

I1 H 370

2 H2  7640 7730 H2  1350 760

I11 .B 480 200

12 C10620. B H, 200 590

Ts CH5250

16 0 1300 9890

20 -- 3750 -- 2770 2360

36- 1070 -- 3130 150

I 44CO 2 3250 C26010 1950

45 HB 8 0 4250 .2550

47 -- 5090 6900

* 48 Ti 3100 5250

49 -- 3350 5020

u65 - 600

83 -- 250

TOTAL (COUNTS) .20110 38740 26880 21080

I 10
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. Green compacts, representing the various combinations of four boron

powder sizes with two titanium powder tizes, were prepared and the fracture

-surfaces of these unreacted powder mixes were examined, Figures 3 thru 8.

This qualitative examination of the powder particle morphology suggests that

the Ti powders have a wide particle size distribution, angular and elongated

particle shapes, and a high degree of aggregation.

Similar observations apply to the larger boron powders (-325 and -60

mesh), whereas these comments are not valid for the sub-micron boron (Fig. 8)

because of the difficulty of resolving the individual particles. The Callery

boron, originally identified by Callery Chemical Co. as "320 angstrom" mean

particle -ize, was an in-house supply used' in early experimentation.

Figure 7 indicates that the powder had a thin lamallae morphology suggesting

(3,4)"a parallel growth habit with possible interpenetration twin growths

which is expected in crystal growth from a vapor phase reaction or decomposition.

Measurements of the angular crystal faces suggest this boron powder is the

low temperature (800'C -.1100'C) ac-rhombohedral form.iS

(3) An Introduction to Crystallography, F.C. Phillips, Longmans Green and
*• Co. Ltd., 1965.

(4) Crystallography and Crystal Defects, A. Kelly and G.W. Groves, Addison-
Wesley Pub. Co., 1970.

(5) Structure and Polymorphism in Elemental Boron, J.L. Hoard; and
- Preparation and Chemistry of Elementary Boron, A.E. Newhi, both in

Borax to Boranes, Advances in Chemistry Series No. 32, American
Chemical Society, 1961.

14
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EDX spectra are presented for AEE -325 mesh B (Fig. 2), AEE 1-5 micron

TI + AEE -325 mesh B (Fig. 4), and AEE 1-5 micron Ti +.Callery.320A (Fig. 7).

The boron~powder spectra indicates a trace(6) of Fe, and the powder mix

analysis shows traces Fe, Si, Al, and Ca.

3.3 Powder Mixing

Jar milling, solids-solids blending, and jet milling techniques were

attempted for powder mixing of 40 g to 100 g batches of the compositions

examined for this synthesis study.

(7)Jar milling techniques were excluded because the boron component

would mechanically plate the inside surface of the jar.
Twin-Shell R solids-solids blending (8) was found to provide uniform,

rapid mixing of the powders. Boron-rich inclusions were sometimes observed

in the course of the yarious examinations of the densified reaction pressings,

which indicated separation of the powders was possible. However, because

of the potential of applying this method to large batch processing, this mix

method was selected for this study.

Pre-mixed titanium and boron powders were also processed in a jet or

fluid energy mill. Jet milling has attracted considerable'attention since

it has the distinct advantage of producing fine powders of controlled particle

size and distribution while maintaining purity. A schematic representation

of the Trost-type jet mill used in this study is-shown in Figure 9 . A

.atory hopper feeds the powders to be ground into a stream of compressed

(o) Estimate trace < 0.1%.
(7) U.S. Stoneware mill drive, 260 rpm; size 000 mill jars, 13 mm x 13 mm

grinding pellets; dry milled 2 hours nominal.

(8) Patterson-Kelley Co., Twin-ShellR yoke solids-solids blender, Model YB-B

with YS-1/2 blender shell (working volume = 0.5 quart).
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air that is expanded through two diametrically opposed jets. The solid

particles are accelerated to very high velocities where particle fracture

takes place on collision in a grinding chamber. The rate of grinding is

proportional to the jet pressure and the cross-sectional area of the jet

opening. After self-attrition of the feed particles, the product particles

travel upward into a flat, shallow, circular classifying chamber. Particles

with a high surface-to-mass ratio spiral through a central exhaust opening

leading to a collector system, whereas those of low ratio continue to travel

along the periphery of the classification chamber and are reaccelerated by,

the second of two jets to collide with new feed material.

The jet-milling method of fine grinding produces a powder with

essentially no contamination since there are no moving parts and the liner

materials are generally hard ceramics or polyurethane (which can easily be

' oxidized in a subsequent heat treatment).. In addition to the purity consid-

erations, jet milling has also been shown to be preferred over ball milling

in terms of particle size and distribution, Figure lO ), Note that the jet-

milled powder has a narrower part~icle size distribution (1-6 Jm) over the

particle size range detected by the Coulter Counter. Furthermore, the average

particle size of the jet-milled powder is smaller than that of the ball-

milled powder since'the'entire curve for jet milled powder lies below that

for ball-milled powder,.

(9) C. Greskovich, "Milling" in Ceramic Fabrication Processes, F.F. Wang,
Ed., Academic Press, NY, 1976.
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"" 3.4 Reaction Processing

The reaction pressing of the powder mixes was accomplished in an'Astro

Industries Inc. Model HP20 3560 Hot Pressing System, equipped with a Honeywell

Type RI-3 Small Target Radiamatic Pyrometer for heat-radiation detection and

.1 process variable input to the Honeywell Digital Control Programmer (DCP)

"Model 770211. The microprocessor-based DCP provides the means to store and

-- run set point programs.

A graphite die assembly (1.750" ID) with a carbon-carbon filament wound

"strongback" contains the compact during processing in a furnace atmosphere

of flowing N2 or argon and with an applied force of 15000 pounds. Temperature

of the hot press die assembly was monitored using the L&N Model 8634-C

Precision Optical Pyrometer with accuracy at 1035°C+ 40C and at 1760 0 C + 8C.

Figures 11 and 12 illustrate tirm1e-temperature and time-pressure profiles for

3 the five hot press processes used in this study. Program 1 incorporates two

temperature soaks, 15 minutes at 10500 C and 50 minutes at 1760°C; the low

*- temperature soak (1050'C) provided for equilibration of the graphite die mass

Sprior to high temrerature (1760°C) sinter densification. Microstructure

evaluation indicated that faster ramp-up of the externally controlled temperature

would benefit densification during the Ti + 2B reaction(lO)1a0 d Program 9 is

a result of this recommendation. The remaining programs (M, 5, 6, etc.) were

* -- variations attempted in early experiments, and in later work that indicated

low temperature (5000C) degassing (Program 1 with de-gas) or high temperature

(2000C) soak (Program 6) would benefit densification.

TableVI presents the details of the reaction processing used to

synthesize and densify TiB2 from the elemental powder mixes characterized

C' for this study program.

(10) Personal Communication, Richard E. Tressler to Peter Zavitsanos, Aug. 8,
1984.
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TABLE VI (CONT'D)

NOTES

(1) Nominally 40 gms loaded into die

(2) HP-291 was first pressing with new AEE -325 Ti powder

(3) Callery 320 A = i00 micron lamellae

(4) 1.049 Ti + 2B - 5 w/o excess Ti
Ti + 2.043B - 2 w/o excess B
Ti + 2.IB - 5 w/o excess B
Ti + 1.81B + 0.19B - 90.5 w/o AEE B + 9.5 w/o Callery sub-micron B
Ti + 1.62B + 0.38B - 81 w/o AEE B + 19 w/o Callery sub-micron B
1.077 Ti + 2B - 7.5 w/o exceas Ti
Ti + 2B + 0.Ol7Ni - 1.4 #/o Ni (Finher N-40)
Ti + 2B + 0.01 TiB2 - 1.0 w/o TiB2 (AEE 1-5 urn) added
Ti + 2B + 0.001 TiB2 - 0.1 w/o TiB2 (AEE 1 um) added

(5) Die "L" - 4.445 cm ID x 10.2 cm L (1.750" I!- x 4.00" L)
Die "S" - 4.445 cm ID x 4.06 cm L (1.750" ID z 1.60" L)
Release Agent, BN - Boron Nitride, Car'nrundum 'eries V (MgSiO3 additive)
7Release Agent, Gr - 0.015" Grafoil. Union Carbide Corp

(6) Ram Force of 15 x 103 lbs equivalent to 6706 psi (1.750" ID die)
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3.5 Sample Preparation

3.5.1 Machining Techniques

The machining of the TiB2 reaction pressings to provide various specimens

for physical and mechanical property measurements required'diamond cutting and

grinding equipment. Grinding wheels with 100% concentration of 120 to 180 grit

diamond particles proved to be most effective in both slicing and surface

dressing of the specimens. Surface cutting speeds in the range of 100 to 120

fpm were utilized with a 0.0005 inch to 0.002 inch downfeed per grinding pass.

Table travel was at a low speed and flood coolant was used at all times.

Where possible, a precision vise was used to hold the material during

machining, but it was often necessary to wax the TiB 2 to an intermediate

clamping block to effectively position the material on the grinding table.

3.5.2 Flexure Bar Preparation

Flexure bars extracted from the reaction pressings were obtained 0.010

inch to 0.015 inch oversize to permit stock removal by precision lap machining.
1 da1)

Precision lapping was done on a 15"diameter lap machine with 15 micron B4C

grindinL powder in a light oil carrierý'12) after bondin4 1 3) to a lapping

fixture equipped with diamond-tipped, micrometer-threaded adjustable stops.

After the four long sides are lapped to dimension, the four edges are beveled

to remove edge chips and cracks. Beveling was dorne by hand on an oil-lubricated

1200 grit diamond wheel(1 4 ) operated at 125 rpm.

(11) Crane Packing Co., Lapmaster 15, with serrated lap plate and conditioning

rings.

(12) Lapmaster #3600, 15 pm B4 C, in John Crane 3M oil:' 60 g B4C/1 liter 3M.

(13) Crystal Cement 30C, Universal Shellac and Supply Inc.
(14) 1200 grit ACCU-Finish Wheel, Glendo Corp., with Staidoil diamond lapping

oil, Coburn Optical Industries, Inc.
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3.5.3 Metallographic Specimen Preparation

Metallography specimens were mounted in a 2-part clear epoxy with

mounting filler for edge retention.(15) Grinding -and polishing procedures were

developed for automatic machine preparation.(16) The procedure uses diamond

abrasives and requires four grinding steps (220, 600 grit, 6 and 3 micron) and

two polishing steps (3 and 1 micron) with maximum applied force of 300 N

(67.4 lbf).

(15) Maraglas 655/555 casting resin, Acme Chemicals and Insulation Co. with
-150 mesh soft mounting filler, Buehler Inc.

(1,6) Abrapol, Struers, Inc.
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4.0 EVALUATION OF REACTION PRESSINGS

4.1 Chemical Analyses

Chemical analyses by emission spectroscopy, x-ray diffraction, and

electron microprobe examination were applied to selected reaction pressings

to assess the'results obtained for stoichiometric and off-stoichiometric

mixes of selected powder combinations.

4.1.1 Emission Spectroscopy

TableVII surn':arizes the results of emission spectroscopic analysis

for pressings u;sing four types of powders (Alfa -325 Ti, AEE -325 Ti,

AEE -325 B and Callery 320A? B). The total metal impurity contents of the

reaction pressings: HP187 = 99.4%,, HP214 = 99.3%, HP226 = 99.4%, are in good

agreement with the purity levels for the elemental powders indicating that

"-,ntamination control for the numerous steps in the reaction pressing process

was effective.

Iron is the most significant impurity, with silicon, aluminum,

manganese, and magnesium as secondary contaminants; copper and chromium are

present at trace impurity levels.

4.1.2 X-ray Diffraction

Evaluation of x-ray diffraction traces (Ni filtered Cu radiation,

S= 1.54178A) for reaction pressings with stoichiometric composition

(HP212, 226) and 7.5% titanium in excess of the stoichiometric composition

(HP288, 289) are shown to match the ASTM standard (Card 8-121) for hexagonal

TiB 2 (ao = 3.028A, Co = 3.228A, Dx = 4.50), Tables VIII and IX. The levels of

impurity content and excess Ti are apparently below the limits for detection

by x-ray diffractometer methcds.

34



co%

'01 C- CD J
C)J aE CD D 0 0 0 %0 Im 0D

V), 0.gO I - "~

ml C%; c;( o C

in I LLI
LAJ Ii

0. IAJJ .

L&J

LLei

0%0%

0.. ZI I

-A I- ul

0. a -

-~~~ 2:Z0 DCD

CL 0. 0%
-;C ; DC 0 Cý C

(fD # . Q ~
U, ~ ~<

0 D

-' uJ

I- UJ -J
CD~~~~~A -c JC .4Z C

0 3-



TABLE VIII

X-RAY DIFFRACTION ANALYSIS FOR PRESSINGS WITH STOICHIOMETRIC POWDER MIX

HP212* HP226* TiB2 ASTM 8-121

I 20 d,A I 20 d,A d,A I hkl

20 27.50 3.24 30 27.5 3.24 3.22 20 001

50 34.02 2.63 40 34.1 2.63 2.62 60 100

100 44.35 2.04 100 44.39 2.04 2.033 100 101

TO 56.95 1.62 10 56.90 1.62 1.613 14 002

15 61.08, 1.52 15 61.10 1.52 1.514 20 110

15 68.15 1.38 15 68.20 1.37 1.374 16 102

10 68.40 1.37 10 68.40 1.37 1.370 10 111

------ 10 72.00 1.31 1.311 8 200

10 78.65 1.22 10 78.70 1.22 1.215 14 201

10 88.40 1.11 10 88.40 1.11 1.104 12 112

----. 1- ... 1.020 12 202
10 101.40 0.996 15 101.30 0.997 0.9956 8 103

10 108.50 0.950 10 108.70 0.949 0.9479 10 211

* FROM DIFFRACTOMETER RECORDS - Ni FILTERED Cu RADIATION, A = 1.54178 A
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TABLE IX

X-RAY DIFFRACTION ANALYSIS FOR PRESSINGS WITH EXCESS (7.5%) Ti

X-RAY DIFFRACTION DATA

HP288* T18 2 ASTM 8-121

I 20 d,A d,A 1 hkl

26 27.59 3.23 3.22 20 001

76 34.22 2.62 2.62 60 100

100 44.49 2.04 2.033 100 101

13 56.95 1.62 1.613 14 002

16 '61.20 1.51 -1.514 20 110

13 6G.08 -, 1.377 1.374 16 102

16 68.17 1.376 1.370 10 111

-........ 1.311 8 200

16 78.75 1.22 1.215 14 Z01

17 88.48 1.10 1.104 12 112

9 98.50 1.02 1.020 12 202

8 101.20 0.998 0.9956 8 103

12 108.95 0.947 0.9479 10 211
C..

* HP289 ANALYSIS IDENTICAL
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4.1.3 Electron Microprobe

The Cameca/Acton MS-64 electron probe x-ray microanalyzer, suitable for

x-ray spectrographic analysis down to boron (atomic number 5), was applied to

examine compositional gradients in the stoichiometric reaction pressing HP212

(AEE 1-5 w.n Ti + Callery 320A?).

The elements detected by x-ray crystal spectrometry were Ti, B, C, Fe,

and Si, as shown in the scanning x-ray images, Figure 13. All x-ray, images

in this figure were obtained in the area identical to the specimen current

image. The B K. and Ti K. x-ray images have corresponding low :oncentration

areas that are also coincidental with the pore structure shown in the specimen -.

current image. Iron (Fe K.) concentrations are found only at pore locations,

and do not appear to coincide with other impurity sites. The concentration

sites for silicon (SiK,) are coincident with the pore structure; some Si sites

are coincident with carbon (C KI) sites.

This evaluation suggests the impurities are located at pore sur-faces

and the matrix is TiB 2, as previously established by x-ray diffraction analysis;

the script-like inclusions, discussed in Section 4.3, Figure 19, are attributed

to TiB. The pore surfaces and adjacent structure are rich in Fe, or Si, or

Si + C and compounds containing Tix(B, Fe)y, FexBy, Tix(B,Si)v, SiC, and

Tix(B,SiC)y appear possible.

4.2 Physical and Mechanical Properties

Physical and mechanical properties acquisition included bulk density

by immersion, three-point and four-point flexure testing, and elastic properties

by strain gage and ultrasonic wave velocity measurements.
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4.2.1 Immersion Density Measurements

The bulk density of porous bodies requires determination of the total

volume of solid plus pores. For samples of regular shapes this can be

achieved through measuring sample dimensions and calculating the volume.

For irregularly shaped samples, Archimedes principle, which states that a

body wholly or partially Immersed in a fluid is buoyed up by a foi'ce equal

to the weight of the fluid displaced, must be applied. For a body of volume

V cm3 immersed in a fluid of density p grams per cm3 , the buoyant force F

in dynes is given, by

F=pgV

where g is the acceleration due to gravity. The bulk density is determined

using the following equation:

Pb= WD/(WD-WI)1 PL

where WD is the dry weight of the sample, WI is the weight of the sample

while immersed in the liquid medium, and PL is the density of the liquid at,

temperature.

The size, shape, distribution, and amount of total porosity can be

determined from detailed examination of the microstructure. Alternately, the

total porosity can be measured by determining the bulk density Pb of a sample

(total weight/total volume, including pores) and comparing this with the
a

theoretical or true density Pt (total weight/volume ['r solids). Then

'Pt-Pb Pbfp = =1 _ •/

P Pt Pt

For a crystalline solid such as TiB2 , the density can be calculated from the

cryctal structure and lattice constant, since the atomic weigl' for each

constituent is known. The weight of each ion per unit cell is given by
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(number of sites) (fraction occupied) (atomic weight)/(Avogadro's number).

The theoretical density of TiB2 for this study was calculated as 4.527 gm/cc.

4.2.2 Sonic Modulus

Ultrasonic measurements on TiB2 plates were made at room temperature

and at a frequency of 1.0 MHz by the buffer block method, Table X. In this

method, pulses are transmitted from a transmitting transducer to a receiving

transducer tht'ough a metal plate (the buffer block). The received signal is

displayed on an oscilloscope equipped with a calibrated sweep delay. Using

the sweep delay, the displayed signal is set to some reference point and the

delay reading recorded. The test specimen is then inserted in'series with

the buffer block so that the signal is further delayed by the transit time

through the specimen. Using the sweep delay, the displayed signal is moved

to the original reference point and the new delay time reading is recorded.

The difference in these two delay time readings is the transit time through

the specimen and the wave velocity is the specimen thickness divided by the

transit time. The "modulus" is the square of the velocity multiplied by the

density.

"As the velocity obtained in this measurement is the "plate velocity"

the "modulus" thus obtained is higher than the Young's modulus. It is

actually the elastic constant Cll (assuming an elastic, isotropic material).

C11 is related to Lame's constant (M) and the shear modulus (G) by

CII = X + 2G

whereas Young's modulus, E, is given by

E G (3X + 2G)
4+G
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TABLE X

SONIC MODULUS BY ULTRASONIC WAVE VELOCITY MEASUREMENTS AT 1 .0 MHz

WAVE TRANSIT SONIC
SPECIMEN THICKNESS VELOCITY DENSITY TIME MODULUS

HP NO. INCH K/S G/CC IiSEC Msi

281 0.2310 9.878 4.284 0.5940 60.62

282 0.2257 9.911 4.282 0.5784 61.01

283 0.2261 9.8506 4.295 0.5830 60.44

'284 0.2248 9.777 4.270 0.5840 59.20

286 0.2270 9.805 4.310 0.5880 60.10

287 0.2260 10.03 4.316 0.5720 63.04

.288 0.2250 10.01 4.344 0.5707 63.18

289 0.2247 10.11 4.349 0.5640 64.59

h4.2

.4.•

4.-
.4. 4

I
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From 4-point flexure tests, E • 60 x 106 psi and V • 0.1. From these values

of E and V it can be shown that C11 is about 2% larger than E. For larger

Poisson's ratios the difference becomes larger. For example at V = 0.29,

"Cll is about 30% larger than E. Going in the other direction, Cll is about

0.5% larger than E at V = 0.05 and at V = 0 the two are equal.

4.2.3 Flexure Properties

Four-point and three.-point flexure tests were conducted using pro-

cedures developed in our laboratory for high strength ceramic and composite

ceramic materials. (17) Table XI summarizes the flexure property test results.

Four-point flexure tests were conducted using spans of, 0.30 and 0.70

inch; four-point was used to obtain a test area of uniform stress so that

Young's Modulus and Poisson's ratio could be calculated from strain gage data.

The three-point tests were obtained using the larger broken pieces from the

four-point tests, which were tested at spans of 0.50 or 0.70 inch, or using

a specimen with 3 small stressed volume (i.e. small dimensions, HP303, 304)

at the 0.50 inch span. The relation of three-point to four-point flexure

strength has been developed from Weibull Statistics fur comparison of the

flexure property results.

"4.3 Microstructure Examination

Evaluation of microstructure content (,grain size, matrix and pore

structure, inclusion content), and determi'nation of microhar-dness and fracture

toughness by indentation were obtained to evaluate the results of various

"powder mixes and reaction pressing processes.

(17) Procedures are similar to MIL-STD 1942 (MR), 21 November 1983, "Flexural
Strength of High Performance Ceramics at Ambient Temperature."
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4.3.1 Microstructure Content

S Microstructure examination and photomicrography was done on a Reichert

MeF 2 Universal microscope which is equipped with a twin lamp unit (quartz

" halcý.en and xenon burner) and various optical :,age enhancement devices.

Photomicrographs for the intercept method of grain size measurement were

"obtaineel jsinr either the Nomarski interference contrast or polarized light

- attac.,'ents.

Ph',-iomicrographs of the specimens noted in Table XI, and an SEM

* examination of microporosity are presented in Figures 14 to 29........

A description of t~e microstructure content is attempted in Table XII,

where the.measured grain size ranges from 3.4 •M to 10.1 M.

4.3 2 Microhardness

Microhardness tests were performed using the Tukon Model MO Micro-

U hardness tester equipped for test loads Up to 10 kg, as reported in Table XII.

The 100 g test load gave the most consistent results; higher loads often

produced corner cracking or deformation damage (chipping) at the indent.

. this damage at the indent was due to densification of the porous T4B 2 under

the indent, and required multiple indentations to obtain "readable" indents.

4.3.3 Fracture Touqhness

Fracture toughness by indentation (Table XII) was obtained using the

same microhardness tester, except that test loads ranged from 1.0 to 6.0 kg.

Fracture' toughness values were calculated using the methodology suggested

by Evans and Charles. (18) Results previously reporteJ 19) have been recalculated

(18) "Fracture Toughness Determinations by Indentation," A.G. Evans and E.A.
Charles, J. Am. Cer.,.Vc . 59, No. 7-8, July-August 1976.

S(19) Interim Technical Report for October 1, 1983 to March 30, 1984, Contract,
No. DAAG46-83-C-O178.

.45

I!F



*0~~~ **, *t 1t

A.~~~ -,A. 
. '

* ..... gS " . V.. .. Ic

a. -
k.

*~~ 0 
at 

-

A.L

-,'* 
-.- 

* *.-FX

-. 0 j .c a Ž , S j 
mw

- S -'4 6



.04 .h.
T I3- , . "I % *.* .;

% -s 0. . 1

*~'' UC \ r.

46j 16, sr..

"g*f -4~ * p I.'

* 'II ,'T4

.'4~w q. ._
#A 

-oIs* 
U_- , *~ 4&

r or 'o

* ~ 'i'-* ~ i"'-

I * ~ -~*~ . ,~ 6;* * 14s

~*** ~ , t'.''.d * ~ * .47



4LJ

2a

41j

'-s)

C)~ IA
_L U-A

'CV

4¾

a1 
+

rwr

-A-
ANt~a

41J

-~~ s -wp~ ~



Vo

-.. 4 rk Y .~ *I

~~lie

.46.

LAJ

~ 
0i

r A 
- . . '4

NI 
*.

t4 
IN P.. ,iN* I ~O -v

44



IV * I I

V, jA ~ j

i# 4* *'AJ

.01;

*4 ~~A V I
-'ý

AJ --

--V
lo **%*4,*

All ~ L-**.

9 * * 50



~ 4 J ~;A. e6

4,~

'wN

7."1

Figure 19. HP 215, Ti (AEE-325) +2B (Aifa-60)
illustrating microporosity distribution



~~ J ".V)~Av ,ý 
t. ., K: $ ltV..

-VV ~

4 A0\ .:)

;.bk& 4 ¶. 'U

u~i.0 J , .. 0)

40 a -106

b. ~ I * . L C

%4 7 3a

~ 4 ~ C. 4~J

*~~0 to4 *e
*~~~c - %. ue

N~ o~.
.- ,. ,, -

- a.

pr to 4 ~
I 72i -

~ *'*4to

0 -J

.10 w . I 44

., '-4 . .'a% O

~ * * 1* *.52'



It.-

4.,,

"Figure2l Illustration of variation of observed grain size,
preliminary measurements (intercept method are
3.6 pm (top) and 5.9 pm (bottom))

53



4 . 4..

I sitj~ 

r 
I 

_f

0*0*

AZI

_C
*.1,

~:4c
I - :74,1

'~..h W~
9

C'

N ~LO

CJ

-itAA

*~~ 
yzt

-S....kl 

it~~ ~
" '~ -*

'-.4. 
.. , 

a 54



49 A4

o.

* .* ~ r*, V1

4L 4 
4%

".'.° '-*1f' -" 9 ' _ °
4 -.%'I " . . , ,r . ", I .'.,,.. . ",- . i ,. 'jl -

- 71 p ow . - .""t A- " %, ( , " *. ¾.. - d. "

"0 . . Al " .- 0 wo-- • -"J

* ,, 
I_*r)l

A.'- , -"_ U. . , + ..' ,. 4* a. 1 . " . , . , . " •

"of 41, e

* .S.

"."41,.ii '.•L t"" A U

•. ' 1 . , .4 L P *. ' mil "- . .l . v . A

S * 
. ,~. _ ,

• 1P ," * . ,- " I "' q .!, * ". " " "'* " .-

S -.. .. " ." 9+ .. 4 , •** 4 , . ,.. . +,. ,

.-. *~.. .. .,., - * .. •...'r." ,, .( b'

• .
', V 

' .
.• 

"..4.; .+ "' 4'.. ,r.. + - -4' ' ' '* 4 . . - .
-- . - . i

SP . ,+ -+'.4 .", - , "

"-- ".b'..+ *" *." *4 . d . " -"

-. - .
°.., -p-,-."*,,. 4 . 41 

.. - • , ,, . . - , ,4% .I A "+f •" -', -- . ._• .. •" ,+ , "- .4 ' "q."" ,, 4., 
+ . * 4 • 

, .. 
". "+" F * .

.* . .-- , -. " ,9. 1 .s,.,

* . 9 o • + , \
-*- II ; , - " , ., . , ," "-U. . . " " " .9 i i '

" "• " ' ' ' " * ' " .,'" ' : '

- . .'
- . "- *. , e• " 1 "

55



. 0414

4P L

4 bi

p A.

3.ob

if¶

..- 4

.ý;l 6j

~~L~h..~56



/ •

/ •iN

r..

"Figure 25. HP 231., 2Ti + B4 C. Detail of interface (arrows)
between large particle of thermally-etched B4C
(upper left) and Ti particles (light grey

k. rounded features); 90OX, Nomarski interference
contrast.

57



Al

o) w - 3

o t
X. aco

AYf: il -6t

o (or

'II 0J

LAI-

a,,.f L, '
4~r 

AVb4\ ~ ~ ;s:t A r .-

t ~ *' ni~ t /y 4 J ''t'b

a ~ S -~ 1 - -f

*1. -2r Iy ,

*j~ ~: i 4$4 1~58



41W

0 w~

-o

0i

a44

Lv L.

lkO

ILF

4 '> 
s

- S ¶* %~xr~
2 w.4 59



41 r

C)C

Ln rý C-

)-' C 04c

CDJ

a'

A. A\ £ Ft. - '-

v.7 t.

t4 A A * '

I .,Q ~AA't 'S 4
a. ~' 7iS~t 4  ' ~ i '

r ~ - ~yr 60



ca VPC *J.

* J '..*. *'4

'1o

V ' -. ~ .OI

+ .*A fJt~q~ +

CD +

* Cl
a..~~C 0 A

*LC * *3
* 21,*' ~: ~ . C

"''-.4. *~ * C *

* 'K A9AL

a U **g *. *: ¶ #61



4Al Itt

A. A A.
IA 0 0 0

~ I -

A .fl tA A. f^ & 4AA A AL A.

o ow

LI.m

cg I.- a

wA Ix( I- I I- I I

z E - I I .- ~ I .* I I w I
I- Z A CA A. 4A A. wn I

LuI Lo) CA

Ix-

IX Li
I. w- cc 01 "1

cc LI La LIS LI uL

LI ~~- w

4- A - = - = = C I

5c c = 5C~ I.-

* i cr
Iaam

j I^ C. WI -;:CS
0%10

19U,;-L I..& -- -t IC I- a: -. -. %

cc cc I I w 0 m oI.

LjJ 0

g n Ime -n In 0
w 0 r . N 0 I-O w0 m Cnr q .

-o 0 ' - t % --o LUIxI V) 0I-Z. CY I~ 0 Y C4 r - C% IN z I1W~ j
ZILJ EEO pZ0

0j -- 4z

- za toIA 4n L9 '9 4 'to
*L La 0 .0% A1 0~ C. o, 10 I %0% m0 C% N0 f . N I'w0 .

'n o P..o I-. C4b U.' to F, V 0 n 0%

=-U u to 20C - V . .. 1 0P
Ui4L r IA Ni w - A A I 0 1

E WA. -W - w v -. Vm - y w s .3
- 2 -- t

en + -

LU 0 +nC

IA~ ~~ ~~~~~ 0 C.,0P. N U - P. P AL

- . I.-

0o 0 vI c a

ILN M"P1

I- 0 ' - 0 LI62



using independently measured elastic'moduli and 100 g test load hardress

data.

The controlled surface flow technique was attempted to obtain ,.

(20)
independent measure of fracture toughness. Knoop microhardness indents

(average length = 376 um) were placed on the tension side of 0.250" x 0.050"

four-point flexure specimens. No fractures initiated at the site of the

indents; fracture stress (flexure strength) of the "worst flaw" specimens

was not measureably reduced compared to "unflawed" specimens, indicating

other microfeature defects, such as the pore structure, initiated fracture.

(20) "Fracture from Controlled Surface Flows," J.J. Petrovic and M.G. Mendiratta,
Fracture Mechanics Applied to Brittle Materials, ASTM STP 678.

63



5.0 DISCUSSION :.
5.1 Effects of Microstructure on Properties

The results of the reaction thermochemistry indicate the adiabatic 4
temperature of 36000 K, obtained in the reaction

Ti(s) + 2B(s) -TiB 2 (s) + AH

exceeds the melting point of TiB2, reported as 3063*K (27904C).( 2l) Studies

of the microstructure of the reaction pressings confirm that a liquid phase

is present during the process, and the reaction is in a liquid + TiB 2 phase

field. The electron microprobe results indicate that secondary phases

(possibly TiB and Ti) and contaminants (Si, Fe, possibly Ti(B,Si), SiC) are

rejected from the liquid as the mass cools and are located at pore surfaces

and as inclusions in the TiB2 matrix.

The effect of starting powder purity and grain size on microstructure

development and on physical and mechanical properties has been difficult to

uncover. Stoichiometric and excess Ti powder mixes react to form TiB2 with

total metal impurities 0.57 to 0.75%. The formation of a liquid during the

reaction is a desirable situation and rapid short term densification is pre-

dicted. The reaction is homogeneously auto-nucleated by an externally

applied thermal qradient to the maximum process hold temperature of 17600C.

This short-term densification occurs during the auto-ignition of the powder 4

mix at low external process temperatures (7000C to 9500C). The externally-

applied process temperature continues to increase after the reaction is

complete and the heat of reaction is dissipated. During this post-ignition

portion of the processing, sintering densific3tion continues and is controlled

by kinetics of particle-particle mass transport or transport through secondary

(21) High Temperature Chemistry of the Binary Compounds of Boron, P.W. Gilles,
in Borax to Boranes, Advances in Chemistry Series Number 32, Amer. Chem.
Soc. 1961.
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liquid phases as suggested by the microstructure content. The role of

secondary phases and contaminants, present as the metal impurities, may be

to provide an interparticle liquid phase for the sintering densification that

occurs in the post-reaction portion of the process.

Characterization results (Table XI ) indicate mechanical properties

(such as flexure strength) are dependent on improvement in final density,

Figure 30.- The trend of improvement in final density appears-to be dependent

on improvements in process cycle (continuous external temperature increase

versus incremental increases) and changes in powder mixing (jet milling

versus solids blending)., These process changes have had more effect on

properties than powder sources or stoichiometry, with the-possible exception
0 (22)

of the reaction pressings which used Callery 320A boron.

The variation in flexural strength with fractional porosity and inverse

of grain size is shown in Figures 31 and 32. The relationship between strength

and porosity developed from reaction-pressed TiB2 ,

ln a = -5.58 P + In 59.9

when compared to the Mandorf and Hartwig expression; In( 2-33)19P + In*-

40.5, indicates a higher sensitivity (slope) to porosity changes than previously

recorded. The variation in flexural strength (Figure 32) appears invalid,

since an increase in strength with decreasing grain size is the expected trend,

but re-examination of the data indicates the finer grained (-4 microns)

reaction pressings contained considerable porosity, which demonstrates that

2
(22) HP212, 225, 228, (a) Microhardness exceeded 2700 Kg/mm2, (b) Fracture

toughness measurable by the indentation method. The thin lamellar
.morphology of the powder suggests a high purity (99.9%) boron source
for the Ti + 2B reaction.

(23) "High Temperature Properties of Titanium Diboride", V.. Mandorf and
J. Hartwig, High Temperature Materials.
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future processing efforts must concentrate primarily on density improvements

Sfor enhancement of strength. A critical grain size, -15 microns (maximum),

has been suggested to minimize microcracking due to thermal anisotropy in

TiB2 microstructures.(24'25)

1.93

69

JJ

1 83

(25) Sintering and Properties of Titanium Diboride Made from Powder Synthesized
in a Plasma-Arc Heater, H.R. Baumgartner and R.A. Steiger,. J. Amer. Cer.
Soc.,, Vol. 67, No. 3, March 1984.
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5.2 Mechanical Property Data Analysis

"The relation of 3-point to 4-point flexure strength has been developed

S from Weibull Statistics'.(26) Assuming that fracture is initiated by volume

flaws, the cumulative probability of failure (P) is related to stress (a)

and volume (V) by:

,. m

P I -. exp d(1)

where m = Weibull modulus and o0 is a normalizing constant.

For ceramics, m is generally in the range of 5 to 15. The Weibull

modulus is related to the scatter, with small scatter for larger "im". Eq. (1)

can be integrated to give:

.P =1 - exp - K.V ( a (2)

where am = th'. max. stress (i.e., strength) and K is related to the type of

• •test.

Foy a 3-point flex test

-- (3 )•. ~1 (m+l)2

"For a 4-point flex test

m ( 1
K (4)

2 (m+l)2

where a = inner span

"b = outer span.

(26) Fracture Statistics in Design and Application, C.A. Johnson, December 1979,
GE Report No. 79CRD12.

70

--! -. . . .- ..- . .- . .- . . . .- . .-



If one has sufficient data to obtain a good mean value, this can be

Ssubstituted for-m in Eq. (2) and P will be about 0.5. If this is done for

both 3 and 4-point data, 4ne obtains

1/m
* r3 K4 "V4- -- = .(5);:': °4(K3.V)

where the subscripts- refer to the type of loading.

Table XIII shows the ratio of 3-point to 4-point flexure strength that is

predicted by Eq. (5) for the test conditions used and for Weibull moduli of

"5 to 20. It is seen that for this range of moduli, the 3-point strengths

would be expected to be 15 to 40% higher than the 4-point.

A comparison of the test data is made in Table XIV. Of the four sets

of data, that for HP214 shows the lowest scatter and the 3-paint mean is

m about 6% higher. Using normal statistics, this difference is significant

-: (one-sided t-test at 95% confidence level). From Weibull statistics, con-

sidering the K.V ratio (Eq. (5)), such a small difference implies a very high

Weibull modulus.

V,. For the HP215 specimens the mean for the 4-point tests is 32.73 ksi.

V( Thus the 3-point mean is lower unless one could justify rejection of the 13.18

-.*value, in which case one would conclude that there was probably no difference.

A similar situation exists with the HP228 data. If the one low point,(8.42 ksi)

could be rejected, then the 3-point mean would be lower. Using the Dixon

criterion however, this point is not rejectable and hence the two means are

about tiie same.
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The data on HP226 show considerable scatter and while the 3-point

mean is 36% higher than the 4-point mean, the difference is not significant

(normal statistics: one-sided t-test at 95% confidence level). From Weibull

statistics, a 36% increase, if real, would imply a Weibull modulus of about 6.

Calculations of the Weibull modulus from the 4-point data only, by two dif-

ferent methods, gave values of 5 and 7. However, for such a small number

of data points these calculations could be corsiderably in error.

In the comparison of HP284 with 288 and 289 and with flexural strength

data obtained by AMMRC on HP279, Ti + 2B, groups HP288 and 289 were the

same, Table XV. For 4-point flexure the mean strength was 44300 psi

(S.D. = 5684). For HP284 the 4-point flexure strength was 43440 psi

(S.D. = 2710), Table XVI). This difference is not significant at the 95%

confidence level, Of possible importance, 284 appears to have less scatter

but again the difference is not significant (95% confidence level). There

are too few data points to really be sure.

Weibull moduli were calculated, but the accuracy can be'assumed to

be poor for so few data points. Results were:

284 288-289

Least Squares Method 17.2 8.6

MLE Method 29.2 11.5

74,



%o u,) ts (nr co In 1-ý r- r-. U04m O~CO ONb Im 0D D 0) 01 4Dej

Wj L CJ co in) &n 0) 0(n
iD- o I,,- " 0) f,- r.. Lo I,, 0Drl

V)~ 000 00 00aCDC D0 00 0
C; C;C ;C . ;C ýC

0C',j

-i I-- *ý C

-i %o t) to %

I- I-A

U-

c co
cc co 000 0 Co 000 0c;

cl CC O*3 Oli -c cm .u- cc cc

Ci.( cc -

~ cc~ ~ c ~ 75a



C)z

(Yu

oD 2;

I-D Wr 0D Im c 0ZI 1

Q.I-

LLi)

LLi'

LIJ

0.MLnC O
-I I a -r t

c-

(D CJ CDJ 4DO D Dq
2tJ 4c L- O a- r r-. tOO U l a% "

Li') (A mr r r r m "

C~ m- 000 00

LLU 0 A

L76



For the HP284, the ratio of 3-point flexure strength to 4-point

strength indicates a Weibull modulus of about 30. However, with only

two 3-point data points, this could be considerably in error. AMMRC tests

on HP279 indicated a Weibull modulus of 19.5 (from 18 tests) and a mean

strength of 49000 psi. Based on the AMMRC data, our 3-point specimen

would be expccted to have a strength of 46630 psi. This is sufficiently

close to our mean (47390) that it could.be attributed to insufficient data

(2-points). However, our 4-point mean is also higher than that predicted,

from the AMMRC data (43440 vs. 41580) and it is predicted that HP284

flexure strengths would be greater than 49000 if the smaller AMMRC sized

specimen were used..

5.3 Increasing Density and Flexure Strength thrcugh Powder Processing

Processing of ceramic powders prior to sintering and densification

has become well documented in the recent past.(28'29) It is generally

agreed upon that certain ceramic powders are more sinterable than others;

the degree to which they differ being a function of particle size, size

distribution, particle shape, degree of agglomeration, and impurity content.

In anisotropic materials such as TiB2 , mechanical properties are usually

a function ofthe microstructure which, in turn, is a function of precursor

(27) "Characterization of SHS TiB 2 ", Philip Wong, U.S. Army Materials and
Mechanics Research Center, April 1985, GE Contract No. DAAG-46-83-C-
0178.

(28) '-Firing the Proof Test for Ceramic Processing", W.D. Kingery, Ceramic
Processing Before Firing, G.Y. Onada, Jr. and L.L. Hench, Eds., WOTTey ,
New York, 1978.

(29) "Concepts in Ultrastructure Processing", L.L. Hench, Ultrastructure
Processing of Ceramics, Glasses, and Composites, L.L. Hench ard
D.R. Ulrich, Eds., Wiley, New York, 1984.
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(30)

components and method of fabrication. In order to optimize the mechanical

properties of TiB2 fabricated by the self-propagating reaction technique, it

will be necessary to carefully characterize the precursor powders in terms of

the previously mentioned parameters, and make them more reactive/sinterable.

Considerable effort has been expanded in attempting to delineate

mechanisms of sintering in terms of specific equations and diffusion paths.

In terms of practical information, the theories have been of great importance

in defining what can be done to change the sintering behavior of many materials

to promote densification. Regardless of the theory, equation, or mechanism

of sintering employed, the rate of densification is inversely proportional

to the particle size. This means that the smaller the particle size of the

material, the more active the particle will be towards sintering. To put

this i'n perspective, data on various Bager-process alumina powders show that

a ten-fold reduction in particle size reduces the sintering temperature by

approximately 2000C.(31)

Although it is generally agreed upon that particle size is an important

factor, confusion arises because many times small particles are held together

in agglomerates. An agglomerate can be defined as a small mass having a

network of interconnected pores. They are comprised of primary particles

held together by surface forces (soft agglomerates) and/or solid bridges due

to sintering, fusion, chemical reaction, or the setting of a binder (hard

agglomerates or aggregates). Van der Waal's forces exist between all particles,

and predominate for very fine particles under dry conditions. Adsorbed

(30) M.K. Ferber, P.F. Becher, and C.B. Finch, "Effect of Microstructure on
the Properties of TiB2 Ceramics," J. Amer. Cer. Soc.

(31) I.B. Cutler, Active Powders," in Ceramic Processing Before Firing,
G.Y. Onada, Jr., a:nd L.L. Hench, Eds., Wiley, New York, 1978.
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moisture or even moisture condensed between particle contacts are the

mechanisms that lead to the commonly observed cohesive powders. All these

produce soft agglomerates that can be readily crushed during forming or

disrupted by dispersing in a wetting liquid..

Hard agglomerates, on the other hand, resist crushing during ordinary

forming and handling. Inappropriate binders often produce hard agglomerates,

particularly if the binder has too high a glass transition temperature.

Powders prone to hydration can form hard agglomerates in which particles are

cemented together by hydrated phases. But by far the most common and

deleterious of the hard agglomerates are those native to powders produced by

calcination. In this case, particles are connected by strong solid bridges.

These can form by ordinary sintering of loose particles at high calcination

temperatures, or when phase transformations occur by nucleation and growth

mechanisms.

It is generally accepted that hard agglomerates retard sintering to

(32,33)theoretical density.(' One of the most obvious effects is the creation

of large voids around the aggregate due to poor packing of smiller particles

or by the bridging of other aggregates. Such voids, much larger than the

surrounding grains, cinnot be removed during sintering as there is no driving

force fur elimination of such oversize porosity. A more subtle effect occurs

when closely packed aggregates undergo preferential intra-agglomerate

sintering and pull away from neighboring particles leaving large lenticular-

shaped voids. This leads to locally inhomogeneous sintering and rapid grain

(32) J.W. Halloran, Agglomerates and Agglomeration in Ceramic Processing,"
in Ultrastructure Processing of Ceramics, Glasses, and Composites,
L.L. Hench and D.R. Ulrich, Eds., Wiley, New York, V984

(33) W.H. Rhodes, "Agglomerate and Particle Size Effects on Sintering
Yitt'rii-Stabilized Zirconia," J. Amer. Cer. Soc. 64 (1), 19 (1981).
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growth in the densc regions where there is no porosity to impede grain

boundary migration. Around these isolated aggregates, the inhomogeneous

shrinkage creates local microstresses and, in some cases, crack formation.

The remaining factors that effect the sinterability of ceramic powders,

namely particle shape, particle size distribution, and impurity c ontent, are

essentially secondary to the effects brought about by the particle size and

the state of agglomeration. Their role in the sintering process therefore

has been the topic of fewer investigations. Regardless, some generalizations

can be made. Cutler and Henrichsen(34) found that nonequilibrium (angular)

particle shapes of glass sintered more rapidly than equilibrium or spherical

particle shapes. This is of significance since grinding produces particles

that are angularly shaped. Size distribution is important in practical

systems where shrinkage is to be minimized. Mostly large particles and

sufficient small particles to fill in the interstices will yield a system of

highest green (unfired) density and least amount of shrinkages. However a

system of mostly coarse particles will sinter as though it were composed

entirely of coarse particles, and the sintering temperature will have to be

increased accordingly. Impurities and additives can have dramatic effects

on the sintering and densification of ceramic powders. Finding-additives

that are both grain growth inhibitors and that promote the elimination of

porosity is both difficultland time-consuming. In general, though, additives

or impurities that form a liquid phase during sintering promote densification

while those that do nottend to inhibit densification.

(34) I.B. Cutler and R.E. Henrichson, "Effect of Particle Shape on the
Kinetics of the Sintering of Glass," J. Amer. Cer. Soc. 51 (10),
604-605 (1968).
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The dramatic increase in sintered density and flexure strength of

jet-milled titanium and boron powders used to form TiB2 by self-propagating

reaction has been demonstrated. This benefit of powder mixing by jet-milling

is seen in comparison of the flexure strength of jet-milled HP303, 426 MN/m 2  j

(61.8 ksi) and solids-solids blended HP284, 299 MN/rm2 (43.4 ksi). Jet-milling

is the preferred method of milling, in this case, since it has been shown to

introduce fewer impurities and produce particles with both smaller average ]
particle size and narrower particle size distribution than particles milled

by more conventional methods, such as ball milling." 9  The enhanced

properties of a jet-milled Ti and B powder mix of stoichiometric 1:2 mole

ratio can be attributed to any combination of three factors. First, jet-

milling decreases agglomerate size and therefore, overall particle size

distribution making the powders more riactive since the sinterability of a

powder system is inversely proportional to particle size. Secondly, the

self-attrition process produces par'ticles of anguiar shape that are more

reacti've than spherical particles. Finally, jet-milliri increases the

homogene4ty of the titanium and boron powder mix which would enable the

exothermic reaction to propagate uniformly throughout the body.

Attempts to "seed" the titanium and boron jet-milled powder with/

without TiB2 was slightly less successful. Although the flexure strength of

the seedpd, jet-milled mix was greater than powders mixed by conventional

methods, it was 7ess than that for the unseeded, jet-milled system (57,210

pýi vs. 61,770 psi for the unseeded specimen; both being an average of eight

flex bar specimens). Further attempts to seed titanium and boron pow,'rs will

be made, however, by varying both the particle size and the amcunt of TiB2

powders added.
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5.4 Improvements to Processing

Several areas in the prcnesslng scheme of titanium diboride by the

. self-propagating reaction technique have been identified as sites of potential

"improvement. Whether oxygen and nitrogen impurities exist in the raw materials

* and their effect on the reaction are questions that remain 'unanswered.

• Oxygen and multi-element neutron activation analysis on the titanium and boron

powders both before and after jet milling would determine if this is a problem

that' needs addressing.

It has been noted(9)tnat in multi-component systems where large density

and particle size differences exist between the powders, jet milling will

"tend to separate and collect the fine particles of low density and could

conceivably alter the initial batch. A way to circumvent this problem would

be to' first mill the coarser and denser titanium powder, mix with boron, and

jet 'mi I the multi-component system.

The green density of a particulate compact,'to a large extent, controls

the final density of the sintered product. In homogeneous regions in a green

compact due to powder particle size or inefficient particle packing result

in nonuniform sintering rates which, in turn, create transient stresses. These

stresses influence particle rearrangement and may result in the development

(35),mC' enlargement of void space.: Maximizing green density, through particle

size and distribution control, and efficieat die fill, could. lead to hot

pressed parti&!es free of these strength degrading voids.

(Dn) A.G. Evans, "Considerations of Inhomogeneity Effects in Sintering,"
J. Amer. Cpr. Soc. 65 (10) 497-501 (1982).

82 .

--... .- ~ ½ N V t - - -- - - -- - . . . . . . . . . . . . . .-- -. -



I

5.5 Autoclave Processing

5.5.1 Processing Description

The autoclave, with its 15000 psi capability, represents a method of

applying pressure on the titanium/boron powder mix as it transitions from

a solid th .oqh a liquid phase and back. Figure 33 shows the schematic of

the autocla ; with a mold in the isolation chamber. Figure 34 is a full-scale

drawing of. the mold with the powder mixture in place prior to compaction.

The vacuum bag (B) keeps the autoclave gas from entering the mold and thereby

equalizing the pressure. With the' vacuum bag in place the full autoclave

pressure is exerted on the moveable plunger of the mold, and will compact

the mixture during the reaction phase.

This continually applied force will remain constant until the sample

has cooled to room temperature. The autoclave has an internal volume of

27,205 in 3 whereas the compaction volume for a 6" x 6" x 1" plate is only

36 in 3 and in this relationship,when the mold compacts the overall autoclave

volume i.s'increased but such an insignificant percentage that the pressure

can be assumed to be constant.

5.5.'2 Preliminary Tests

Preliminary autoclave tests were conducted at the 3000 psi level tn

develop a process data base. During these tests the autoclave was maintained

at room temperature and an ignitor wire was used to initiate the reaction.

Normal startup difficulties were experienced in obtaining a power oath into

the autoclave, through the vacuum bag and to the ignitor wire without short

circuiting the system. After this difficulty' was overcome a successful

ignition was conducted at 3000 psi at which time the reaction heat and' by-product

gas forced the moveablc plunger to cock while melting the organic vacuum bag.
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Figure 33 High pressure autoclave.
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0 TITANIUM-BORON POWDER MIXTURE

E MOLD SURROUND

F IGNITER WIRE

G MOVEABLE MOLD PLUNGER

H GRAFOIL LINERS

Figure 34. Autoclave pressure mold - full scale.
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It is believed that these problems can be overcome by going up to

*the' 12-15000 psi level and by incorporating a high temperature bag.

5.5.3 Process Scale-Up

The autoclave process appears to offer an excellent method for makingIthe tiles and because of the fairli large autoclave volume one unit could
produce a large number of tiles during each run. In a production type of

setup, two pressure vessels would be employed and one of the vessels would

be brought up to pressure and the tiles' made while the second vessel was

being loaded with tiles. The high pressure gas from the first process would

then'be transferred to the second autoclave and the tiles in that autoclave

formed while the first autoclave was being emptied and reloaded.
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* 6.0 CONCLUDING REMARKS

1) The heat of the TI + 2B reaction is sufficient to produce
considerable liquid during the process cycle although the
relatively fine and uniform grain indicates complete melting
is not achieved.

"2) The reaction appears to be initiated by the melting of
titanium which upon reaction with the boron particle surface
produces TiB2 with the- release of chemical er.?rgy. This
"energy is sufficient to liquify the interface and thus
provides high diffusion rates; this conditior allows
"continuous transfer of the liquid phase intLo Jron rich.

"* regions as exemplified by completion of the reaction.

3) Stoichiometric, powder mixes, when prepared by jet-milling,
produce a significant increase in flexure stre.,gth
properties in the reaction p-essing.

4) Powder mixes with excess Ti (5.0 and 7.5 weight percent)

produce TiB2 pressings very similar in properties to
stoichiometric mixes, when powder preparation was solids-

.solids tlending. However, powder mixes with excess B.
S .- , (2.0 weight percent) were low density (less than 85%) and

lower strength than stoichiometric powder mixes.

' 5) Flexure strength is maximized when density is maximized.
Improvements in strength are more sentitivp to processing
methods than to 'input powder size. and chemistry, although

".' the powder characteristics are seen to be important.

6) It appears that the next phase of this study should
g proceed in the following direction:

a) Provide more rigorous powder characterization.

b) Achieve optimum powder mixing prior to reaction.

"c) Proceed with process scale-up in order to
achieve sizes which can be meaningfully tested.
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